Cervical spine and SCIs often occur after the patient has sustained traumatic injuries to the head and neck. Although odontoid fractures are the most common axial fracture, associated SCI at this level is less frequent. The relatively larger CSA of the upper cervical spinal canal may reduce the likelihood of neurological injury. The contents of the spinal canal at C-1 include the dens, spinal cord, and CSF space, each comprising approximately one third of the sagittal plane diameter and has been described as Steele's rule of thirds. 18 With displacement of the odontoid process after fracture, the CSF space can serve to accommodate bone encroachment on the spinal cord without causing injury. The purpose of this study was to examine the epidemiology of SCIs in patients with odontoid fractures.
These measurements were also obtained from a random sample of neurologically intact patients with odontoid fractures.
Several comparisons of the parameters were made among the groups. First, 10 patients with complete SCIs (ASIA Grade A) were compared with those who had incomplete injuries. Second, 17 spinal cord injured patients (ASIA Grades A-D) were compared with patients who were neurologically intact after odontoid fracture. Finally, CT scans in 11 patients with odontoid fractures and SCIs were compared with 11 control patients without neurological impairment. Statistical analyses were performed using Fisher's test, unpaired t-test, and chi-squared test. Statistical significance was determined at p Ͻ 0.05.
RESULTS
The characteristics of the 17 patients with odontoid fractures and neurological injury are summarized in Table  1 . Ten patients had complete injuries (ASIA Grade A), typically with a C-2 sensory level. All but two displaced fractures were posteriorly deviated. Only one of seven patients with incomplete injuries had complete motor quadriplegia (ASIA Grade B). Posteriorly displaced fractures were also more common. The age, sex, mechanism of injury, fracture type/displacement, and cervical diameters and CSAs were similar. Seven of 10 patients with complete SCIs died in the 1st year after injury, five of whom died during the first 10 days of hospitalization after ventilatory support was withdrawn. Two of six patients with incomplete injuries died during the first 4 days of hospitalization. Surviving patients with displaced fractures underwent reduction in skeletal traction. All but one patient was immobilized in a halo vest for at least 3 months; another refused halo immobilization and was treated with anterior odontoid screw fixation. Five patients with motor complete injuries survived beyond 5 months; bone union was achieved in three, fibrous union in one, and nonunion in one (further treatment refused). Bone union was achieved in three of four surviving patients with incomplete SCI and adequate follow up, whereas one patient required a subsequent posterior fusion because of nonunion. None of the surviving patients with complete SCIs has experienced neurological improvement, whereas all surviving patients with incomplete SCIs had improved one ASIA grade at 1 year follow-up review. The mean motor score improvement in the patients with incomplete SCI was 46 (range 22-82). 1 All three patients with motor complete SCIs required ventilatory support at follow up (mean 2.2 years), whereas all patients with incomplete SCIs were successfully weaned from ventilatory support and three regained independence in ADLs (mean 3.9 years).
The 17 neurologically impaired patients were compared with the group having odontoid fractures without neurological injury. Although the mean ages were similar (57 and 65 years, respectively), most patients with neurological injuries were male (p = 0.011); an equal sex distribution was observed in patients with intact spinal cords. Most patients with impairment received high velocity injuries such as those attributable to MVAs (p = 0.027), whereas most patients without impairment experienced falls (p = 0.006). Six of the neurologically impaired patients were excluded from the radiographic analysis because adequate admission CT scans were unavailable. Seven of the remaining patients had complete SCIs and four had incomplete SCIs. The mean D s measured 17.3 mm in patients with impaired spinal cords compared with 20.2 mm in the patients with intact spinal cords (p = 0.028). Similarly, the mean axial CSA at the odontoid base was 162 mm 2 ( Fig. 1 left) in patients with impaired spinal cords compared with 200 m 2 ( Fig. 1 right) in those with intact spinal cords (p = 0.0004). There was a mean 25% reduction in CSA. The difference remained even after excluding the dimensions of the dens. In contrast, the D c was similar between groups. Moreover, the displacement of the odontoid fragment was not correlated with neurological injury ( Fig. 2A and B) .
DISCUSSION
Odontoid fractures are the most common acute traumatic axis fracture. 5, [8] [9] [10] The incidence of neurological involvement after odontoid fracture has been reported to be between 0% and 27%. 2, 3, 6, 8, 10, 12 Others have shown that inadequate treatment of odontoid fractures can result in delayed neurological deterioration and myelopathy secondary to instability. 2, 7, 16 However, the factors contributing to acute neurologic injury after odontoid fractures are unknown.
Bohlman 4 identified 69 of 300 patients with cervical spine injuries as having atlantoaxial trauma. Eleven (15.9%) had associated SCIs, including five with odontoid fractures; the others had dislocations or penetrating injuries. Hadley and colleagues 9,10 reported a 5.7% (13 of 229) frequency, whereas Greene, et al., 8 reported an 8.5% (29 of 340) frequency. We observed a similar frequency of 7.5% (17 of 226 patients). Moreover, a significant correlation between sex and neurological impairment after an odontoid fracture (p = 0.046) was seen. Although the CSA of 177.4 mm 2 in men was similar to the CSA of 182.7 mm 2 in women, men were more often involved in MVAs.
Neurological injuries in patients with odontoid fractures often occur from high velocity mechanisms such as MVAs. Hadley and colleagues 11 observed more frequent axis fractures in patients involved in MVAs (68 of 107 patients), particularly if occupants of the vehicle were unrestrained. Few patients with an acute axis fracture who sustain a neurological injury survive to be transported to the hospital. 9, 17 In addition, the National Crash Severity Study showed that 40% of all cervical SCIs result in immediate death. 13 These patients may die of asystole at the time of the accident. In fact, 11 of our 17 neurologically impaired patients required cardiopulmonary resuscitation at the scene of the accident. Moreover, persistent cardiac arrhythmias in two patients with motor complete injuries necessitated placement of a permanent pacemaker to treat persistent bradyarrythmia.
The lower incidence of SCI with atlantoaxial injuries is likely due to the larger canal diameter at this spinal level. 14, 18 Reduction in canal diameter in patients developing cervical spondylotic myelopathy was observed in comparison with patients with spondylosis but without myelopathy. 15 Our measured diameters compared favorably with those reported by others. 14 displacement that occurred during injury and was documented on admission radiographs. The integrity of the tectorial membrane may allow partial or complete reduction.
Finally, patients with motor complete SCIs did not improve, whereas all patients with incomplete SCIs who survived the acute hospitalization period improved, typically by one ASIA grade at 1 year. Motor scores likewise improved. Furthermore, the patients with incomplete SCIs could all be weaned from mechanical ventilation, whereas those with complete SCIs could not. In addition, three of five surviving patients with incomplete SCIs became independent in their ADLs. With better neurological recovery, the patients with incomplete SCIs had a lower 1-year mortality rate.
CONCLUSIONS
Acute traumatic odontoid fractures infrequently are associated with neurological injury. The patients sustaining neurological injuries had smaller cervical canal sagittal diameters and CSAs. As a result, these patients have a smaller potential CSF space at the atlantoaxial region in which to accommodate fracture displacement. In addition, high velocity MVAs and male sex correlate with a significant likelihood of sustaining neurological injury. Although the overall mortality rate in patients with neurological injuries after odontoid fractures is high in the 1st year, many patients with incomplete SCIs can regain neurological function and become independent in their ADLs.
